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Abstract. A notable feature of UV freeze-in is that the relic density is strongly depen-
dent on the highest temperatures of the thermal bath, and a common assumption is that
the relevant “highest temperature” should be the reheating temperature after inflation TRH.
However, the temperature of the thermal bath can be significantly higher in certain scenarios,
reaching a value denoted Tmax, a fact which is only apparent away from the instantaneous
decay approximation. Interestingly, it has been shown that if the operators are of sufficiently
high mass dimension then the dark matter abundance can be enhanced by a “boost factor”
depending on (Tmax/TRH) relative to naive estimates assuming instantaneous reheating. We
highlight here that in non-standard cosmological histories the critical mass dimension of the
operator above at which the instantaneous decay approximation breaks down, and the expo-
nent of the boost factor, depend on the equation of state ω prior to reheating. We highlight
four examples in which the dark matter abundance receives a significant enhancement in the
context of gravitino dark matter, the moduli portal, the Higgs portal, and the spin-2 portal
(as might arise in bimetric gravity models). We comment on the transition from kination
domination to radiation domination as a motivated example of non-standard cosmologies.
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1 Introduction
The expected signals and constraints on dark matter (DM) are dictated by its interactions
with the states of the Standard Model, which in turn are informed by the cosmological
evolution of abundances which establishes the DM relic density. In this work we consider
the scenario in which the relic abundance of DM is set via the DM freeze-in production
mechanism [1] (for a recent review see [2]). More specifically, here we focus on the subcase
of Ultraviolet (UV) freeze-in [3] for which the temperature of the thermal bath is always
lower that the mass of the mediator states which connect the DM to the Standard Model
implying that the connector operators are non-renomalisable with mass dimension 5 + n/2
(for n even,1 with n ≥ 0). Thus in UV freeze-in the production cross section of DM from
interactions in the Standard Model thermal bath are of the form
〈σv〉 ∼ T
n
Λ2+n
, (1.1)
where T is the bath temperature and Λ is a dimensional quantity which is parametrically
the mass scale of the states which mediate interactions between the DM and the Standard
Model. Recall from above that n = 0 corresponds to mass dimension 5 in which case 〈σv〉 is
temperature independent, and n = 2 corresponds dimension 6 operators for which 〈σv〉 ∝ T 2.
It follows that the DM abundance due to eq. (1.1) is expected to be of the form [3]
Y ∼
∫ TRH
0
MPl T
n
Λn+2
∼ MPl T
n+1
RH
Λn+2
. (1.2)
This integral is cutoff at some temperature which is the highest temperature of the radiation
bath, which we take here to be the reheating temperature TRH following inflation, and the
final abundance is highly sensitive to this cutoff.
1We parameterise the mass dimension of operators in this somewhat odd fashion in order to match the
conventions of earlier papers [4–8] and such that the cross section can be expressed as 〈σv〉 ∝ Tn.
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More generally, if the early universe is dominated by some other energy density which
subsequently decays (such as an early period of matter domination) then the restoration of
radiation domination reheats the thermal bath altering the temperature evolution and the
reheating temperature at which decays are complete TRH can be decoupled from the physics
of inflation. Indeed, DM in the context of non-standard cosmology has recently gained
increasing interest, see e.g. [9–29]. Throughout we will use TRH to indicate the temperature of
the thermal bath following the final reheating event prior to the onset of standard cosmology
(which could be simply due to inflaton decays) and for ease of writing, we shall often discuss
the physics in terms of inflaton decay. Notably, observational constraints from Big Bang
Nucleosynthesis require TRH & 10 MeV [30].
Importantly, during reheating in which the Standard Model thermal bath is produced
and the universe transitions to radiation domination, the bath temperature may rise to a
value Tmax which exceeds TRH [31]. That the maximum temperature of the thermal bath
may reach Tmax > TRH prior to cooling is not apparent if one takes the instantaneous decay
approximation for reheating. It is quite plausible that the DM relic density may be estab-
lished during this reheating period, set by its production or annihilation cross section, in
which case the DM abundance will significantly differ from freeze-in or freeze-out calcula-
tions assuming radiation domination, see e.g. [31–36]. In particular, it has been observed
by Garcia-Mambrini-Olive-Peloso [4] that if the DM is produced during the transition from
matter to radiation domination via an effective operator which connects the DM and Stan-
dard Model states leading to a cross section of the form of eq. (1.1), for n > 6 the DM
abundance is enhanced by a “boost factor” B ∼ (Tmax/TRH)n−6. Whereas for n ≤ 6 the
difference between the standard UV freeze-in calculations [1, 3], which assume an instanta-
neous transition (i.e. employs the instantaneous decay approximation), differ only by an O(1)
factor from calculations taking into account non-instantaneous reheating [4]. Subsequent pa-
pers [5–8, 37, 38] have explored the impact of this boost factor in specific models.
In this work we demonstrate that the critical value nc for which the DM relic abundance
is enhanced when taking into account non-instantaneous reheating depends on the equation
of state ω prior to reheating. For an early period of matter domination (ω = 0) the critical
value is nc = 6, and the details of the process of reheating are important for operators with
mass dimension 8 and higher. More generally, if the early universe features a period of non
standard cosmology in which the universe is neither radiation or matter dominated, but
rather the dominant energy density evolves as a−3(ω+1) then nc will depend on ω, as will the
exponent of the boost factor that enhances the DM abundance relative to the sudden decay
approximation. Thus different cosmological assumptions can potentially lead to significant
enhancements of the DM relic density due to UV freeze-in. Additionally, it was recently
highlighted that the initial value of ω impacts the DM relic density if it is established due
to freeze-out or renormalisable (IR) freeze-in during the era of particle decays leading to the
transition to radiation domination [19, 23].
This paper is structured as follows: In Section 2 we outline the general framework in a
model independent approach, in particular we derive the dependence of the critical dimension
nc and the boost factor B on the equation of state prior to reheating ω for general operator
dimension parameterised by n. We subsequently explore how the DM abundance varies for
different choices of ω and n. In Section 3 we highlight four specific examples in which the
DM abundance receives a significant enhancement, specifically we examine gravitino DM in
High Scale Supersymmetry [4, 39], the moduli portal [7], the vector Higgs portal, and the
massive spin-2 portal [6]. In Section 4 we provide a summary and some concluding remarks.
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2 General framework
We first take a model independent approach to outline the impact of non-instantaneous
reheating on UV freeze-in assuming a general initial equation of state ω for the early universe.
2.1 UV freeze-in in the sudden decay approximation
The evolution of the DM number density n is given by the Boltzmann equation
dn
dt
+ 3H n = −〈σv〉 (n2 − n2eq) , (2.1)
where neq = a g pi
−2ζ(3)T 3 is the equilibrium DM number density for relativistic particles,
in terms of g the DM number of degrees of freedom, and the constant a which is a = 1 for
bosonic DM and a = 3/4 for a fermion, but henceforth we simply set a to 1. Additionally,
here H =
[
ρR/(3M
2
Pl)
]1/2
is the Hubble expansion rate expressed in terms of the reduced
Planck mass MPl and the Standard Model energy density ρR(T ) ≡ pi230 g?(T )T 4.
In the sudden decay approximation for reheating the Standard Model entropy density
is always conserved, thus one can rewrite eq. (2.1) as a function of the dimensionless variable
Y ≡ n/s as follows
dY
dT
=
〈σv〉 s
H T
(
Y 2 − Y 2eq
)
, (2.2)
where s(T ) = 2pi
2
45 g?s(T )T
3 is the entropy density for g?(T ) and g?s(T ) the effective numbers
of relativistic degrees of freedom of the Standard Model radiation and entropy densities.
As preempted in eq. (1.1) we take the thermally averaged DM production cross section
to be a function of the thermal bath temperature T
〈σv〉 = T
n
Λn+2
. (2.3)
The scale Λ corresponds to the cutoff of the effective field theory and typically corresponds
to the mass of some mediator that connects the Standard Model and DM. For this effective
operator description to be valid Λ must be the highest scale in the calculation, and we assume
throughout the hierarchy m < T  Λ, where m is the DM mass. If the DM abundance is
initially negligible and the production cross section is sufficient small that DM remains out of
chemical equilibrium with the Standard Model bath and within the regime that the sudden
decay approximation for the inflaton is valid, then eq. (2.2) has an analytical solution given by
Y (T ) =
135 ζ(3)2
2pi7 (n+ 1)
√
10
g?
g2
g?s
MPl
Λn+2
[
Tn+1RH − Tn+1
]
, (2.4)
where, assuming instantaneous decays, TRH corresponds to the temperature at which the
inflaton decays, and therefore to the maximal temperature reached by the Standard Model
thermal bath. This enters as the upper limit of the temperature integral leading to eq. (2.4),
as indicated in eq. (1.2). Furthermore, the asymptotic value Y∞ for T  TRH then gives the
DM relic abundance which is found to be
Y∞ =
135 ζ(3)2
2pi7 (n+ 1)
√
10
g?
g2
g?s
MPl
Λn+2
Tn+1RH , (2.5)
where we have neglected the small deviation due to temperature evolution of the numbers of
relativistic degrees of freedom. Notably, the majority of the DM is produced near the highest
temperatures (T ∼ TRH) reached by the universe, which is characteristic of UV freeze-in.
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2.2 Reheating in non-standard cosmologies
While reheating is commonly approximated as an instantaneous event, the decay of the
inflaton into Standard Model radiation is a continuous process, reasonably characterised
by an exponential decay law [40]. The evolution of the Standard Model and inflaton φ
abundances can be tracked via a pair of Boltzmann equations; the φ energy density follows
dρφ
dt
+ 3(1 + ω)H ρφ = −Γφ ρφ , (2.6)
where ω ≡ pφ/ρφ corresponds to the equation of state of φ, with pφ and ρφ being the φ
pressure and energy density, and Γφ is the total decay width of φ. The Hubble expansion
rate H receive contributions from all species, i.e. both the Standard Model and φ, thus
H2 = (ρφ + ρR)/(3M
2
Pl). The evolution of the Standard Model bath evolves according to
ds
dt
+ 3H s =
g?s
g?
Γφ ρφ
T
. (2.7)
Using the form s(T ) = 2pi
2
45 g?s(T )T
3 with eq. (2.7) gives the temperature evolution of the
Standard Model thermal bath as a function of the scale factor a
dT
da
=
(
1 +
T
3 g?s
dg?s
dT
)−1 [g?s
g?
Γφ ρφ
3H sa
− T
a
]
. (2.8)
Moreover, if the variation of relativistic degrees of freedom can be neglected (as is typically
very reasonable), eq. (2.7) is usually rewritten in terms of the Standard Model energy density
dρR
dt
+ 4H ρR = +Γφ ρφ . (2.9)
Since the TRH is defined as the temperature at which the equality H(T = TRH) = Γφ holds,
the total decay width Γφ can be expressed as a function of TRH as
Γφ =
pi
3
√
g?(TRH)
10
T 2RH
MPl
. (2.10)
Ignoring the variation of the number of relativistic degrees of freedom g? and g?s,
eqs. (2.6) and (2.7) can be analytically solved. Prior to reheating the φ energy density,
which dominates the energy density of the universe, evolves as
ρφ(a) = ρφ(ain)
[ain
a
]3(1+ω)
= 3M2PlH
2
in
[ain
a
]3(1+ω)
, (2.11)
and the radiation energy density evolves according to (for ω 6= 5/3)2
ρR(a) =
6
5− 3ωM
2
PlHin Γφ
a
3
2
(1+ω)
in
a4
[
a
5−3ω
2 − a
5−3ω
2
in
]
, (2.12)
where a = ain is the scale factor at some arbitrary initial point, we take the initial condition
ρR(ain) = 0 and thus Hin ≡ H(ain) =
√
ρφ(ain)/(3M
2
Pl).
2The case ω = 5/3 must be treated separately since integrating leads to a logarithm of the form ln(a/ain)
rather than the factor (a
5−3ω
2 − a
5−3ω
2
in ). Simply for brevity, we suppress this special case.
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It follows that the thermal bath reaches a maximum temperature Tmax when only a
small fraction of the inflaton has decayed [31, 32], with Tmax corresponding to the scale
factor
amax = ain
[
8
3(1 + ω)
] 2
5−3ω
. (2.13)
Note that amax depends on ω, as does the evolution of the bath temperature [23]. If Tmax is
taken as an input parameter, the corresponding initial energy density in φ is given by
ρφ(ain) =
1
3
(
g? pi
2
20
(1 + ω)
[
8
3(1 + ω)
] 8
5−3ω T 4max
MPl Γφ
)2
, (2.14)
which implies an initial Hubble expansion rate of the form
Hin =
g? pi
2
60
(1 + ω)
[
8
3(1 + ω)
] 8
5−3ω T 4max
M2Pl Γφ
. (2.15)
Moreover, from eq. (2.12) it follows that the radiation energy density scales like
ρR(a) ∝

a−
3
2
(1+ω) for amax  a a×,
a−4 for a×  a ,
(2.16)
where a× is the point at which ρφ = ρR (assuming they can be treated as independent
power laws). Figure 1 shows the evolution of energy densities and the bath temperature for
ω = −1/3 (left panels), 0 (right panels) and 2/3 (right panels).
Equation (2.16) implies that T (a) ∝ a− 38 (1+ω) for amax  a a× and during radiation
domination T (a) ∝ a−1. Moreover, in terms of temperature the point of φ-radiation equality
a× corresponds to a thermal bath temperature of T× ≡ T (a×) given by
T 4× =

4
(5−3ω)2 T
4
RH for ω <
5
3 ,
180M2Pl
pi2 g?(T×)
[
16
(
1
3ω−5Γφ
)3(1+ω)
H3ω−5in
] 1
3ω−1
for ω > 53 ,
(2.17)
and the corresponding scale factors for T× and TRH are
a× =

ain
[
5−3ω
2
Hin
Γφ
] 2
3(1+ω)
for ω < 53 ,
ain
[
3ω−5
2
Hin
Γφ
] 1
3ω−1
for ω > 53 ,
(2.18)
where aRH = a×(T×/TRH)
8
3(1+ω) . Note that a× and T× imply breaks in the power law scaling,
as can be seen also in Figure 1.
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Figure 1. Evolution of the energy densities (upper panels) and Standard Model thermal bath tem-
perature (lower panels) for TRH = 10
6 GeV and Tmax = 10
8 GeV. The left panels depict the case
ω = −1/3, central panels ω = 0 and right panels ω = 2/3. The dotted lines corresponding to a = amax,
aRH and a× (from left to right) and T = Tmax, TRH and T× (from top to bottom) are overlaid.
2.3 UV freeze-in in non-standard cosmologies
We next study DM production via UV freeze-in away from the sudden decay approximation
and where we assume a general equation of state ω for the period preceding the decays
of φ to Standard Model states.3 As is well known, if the universe is matter or radiation
dominated these components redshift as a−3 or a−4 respectively and correspondingly this
implies ω = 0 or ω = 1/3. More generally ω can take a range of values and accordingly
the comoving Hubble volume evolves as (aH)−1 ∝ a(1+3ω)/2. Indeed, for a real scalar field
φ with a positive potential which dominates the energy density of the early universe, then
the equation of state can take values in ω ∈ (−1, 1) and allowing for negative potentials then
higher values of ω can be realised [13]. While scenarios of ω > 1 are less common, they can
arise in models with scalars with periodic potentials [44, 45], scalar-tensor models [46], and
brane world cosmology [47, 48].
We now solve the system of coupled Boltzmann equations (2.1), (2.6), and (2.7). To
track the evolution of particle populations during the era of reheating in which the Standard
Model entropy is not conserved due to the decays of φ, it is better to rewrite eq. (2.1) in
terms of the comoving number density N ≡ n× a3 as follows
dN
da
= − 〈σv〉
a4H
(
N2 −N2eq
)
. (2.19)
3Equations (2.1) and (2.7) could be generalized to include possible direct decays of φ into DM [16, 34], and
non-instantaneous thermalisation of the Standard Model bath [41–43], however we neglect both effects here.
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Then for Tmax ≥ T ≥ T×, eq. (2.19) admits the analytical solution
N(T ) =
8 ζ(3)2 g2
3pi4 (n− nc)(1 + ω)
[
a3+ω×
a1+ωin
] 3
2 T
4 3+ω
1+ω
×
Λn+2Hin
[
Tn−ncmax − Tn−nc
]
, (2.20)
where nc indicates the critical value for n, given by
nc ≡ 2×
(
3− ω
1 + ω
)
. (2.21)
The ω-dependent quantity nc denotes the critical threshold, for which DM freeze-in
via an operator of mass dimension n > nc will be parametrically enhanced. In Table 1 we
highlight the values for nc that arise for certain values of ω.
ω nc
-1/3 10
-1/5 8
0 (matter) 6
1/3 (radiation-like) 4
1 (kination) 2
Table 1. Critical values for n for different values of ω.
We highlight that the case ω = 1 in Table 1 corresponds to ‘kination domination’ [49],
implying that the kinetic energy of a scalar field (the φ˙ term) dominates the energy density
of the universe. This is a concrete scenario of non-standard cosmology and, indeed, occurs
in certain models of inflation. We also note that for ω → −1 then nc →∞, with the limiting
case ω = −1 corresponding to dark energy (or quintessence [50, 51]) domination, however
the analysis we present breaks down in this limit.
Even though the Standard Model entropy density is not conserved when φ is decaying,
the DM yield Y can be defined from (2.20) as follows
Y (T ) =
N(T )
s(T ) a3
=
45
2pi2 g?s
N(T )
a3×
[
T 5−3ω
T 8×
] 1
1+ω
, (2.22)
and its asymptotic limit can be estimated by taking T → T×
Y (T×) =
180 ζ(3)2 g2
pi7 g?s
√
10
g?
1
(n− nc)(1 + ω)
MPl T
7−ω
1+ω
×
Λn+2
[
Tn−ncmax − Tn−nc×
]
. (2.23)
Let us note that eqs. (2.20) and (2.23) are only valid for n 6= nc. In the case that n = nc
these expressions are modified as follows
N(T ) =
ζ(3)2 (2 + n) g2
3pi4
[
a6+n×
a4in
] 3
2+n T 6+n×
Λ2+nHin
ln
Tmax
T
, (2.24)
and the asymptotic limit for the DM yield is
Y (T×) =
45 ζ(3)2 (n+ 2) g2
2pi7 g?s
√
10
g?
MPl T
1+n
×
Λ2+n
ln
Tmax
T×
. (2.25)
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Figure 2. Evolution of the DM comoving number density N as a function of the scale factor (upper
panels) and the DM yield Y as a function of T (lower panels), for values ω = 0, TRH = 10
6 GeV,
Tmax = 10
8 GeV and m = 100 GeV. The left panels correspond to n = 4 and Λ = 1.4× 109 GeV, the
central panels to n = 6 and Λ = 2.8×108 GeV and the right ones to n = 8 and Λ = 1.6×108 GeV. The
values for Λ were chosen in order to fit the observed DM abundance with the red bands showing the
observed DM relic abundance today. The horizontal dotted lines depict the approximate numerical
solutions Yrh and Y×. The dotted vertical lines correspond to a = amax, aRH, a× and T = Tmax, TRH,
T× respectively. The arrows in the lower panels are directed to indicate the evolution with time.
In Figure 2 (upper panels) we present a number of examples which illustrate the evolu-
tion of the DM comoving number density N , as a function of the scale factor a, during the
transition from matter domination (ω = 0) to radiation domination. It can be seen that for
n < nc = 6 (left panels) the bulk of the DM relic abundance is produced near T = TRH. On
the contrary, for n > nc (right panels) the maximal production occurs between Tmax and TRH.
We also show the change in the DM yield Y with temperature T (lower panels), for ω = 0,
TRH = 10
6 GeV, Tmax = 10
8 GeV, and m = 100 GeV. In each case we chose the parameter
Λ such that the observed DM relic density is reproduced at late time. The horizontal dotted
lines depict the approximate numerical solutions Yrh and Y×; the full numerical solution is
better fitted by the analytical solution for T → T× rather than T → TRH.
Additionally, in Figure 3, we present the parameter space that generates the observed
DM abundance for DM of mass m = 100 GeV, reheating temperature TRH = 10
6 GeV, and
maximum temperature Tmax = 10
8 GeV for n = 4, 6, 8. These mass dimensions correspond
to critical values of the equation of state ωc = 1/3, 0 and -1/5, where ωc ≡ 6−n2+n comes from
eq. (2.21) and denotes the critical value of the equation of state ωc.
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Figure 3. Contours in the Λ−ω space that generates the observed DM abundance for m = 100 GeV,
TRH = 10
6 GeV, Tmax = 10
8 GeV for n = 4 (left), n = 6 (central) and n = 8 (right). The dashed
blue lines correspond to n = nc (or equivalently to ω = ωc), and the red dotted lines indicate ω = 1,
since value ω > 1 are based on certain special classes of cosmological models, e.g. [13, 44–48].
Observe that for ω < ωc (left of the blue lines) the DM relic abundance is produced
after the decay of the inflaton and therefore the sudden decay approximation works well.
That implies that the properties of the inflaton and in particular its equation of state have
a marginal impact on the final DM density. In contrast, for ω > ωc DM is mainly generated
between Tmax and TRH, during the decay of the inflaton, and hence an important dependence
on the equation of state is present. To maintain the observed DM abundance within the
observed limits, the enhanced production during the decay of the inflaton for larger values
of ω must be compensated by increasing the scale Λ.
2.4 Boost factors for dark matter production
This work can be viewed as a generalization of the analysis of [4] to ω different from zero.
Thus to make contact with this earlier work we emulate their approach of characterising the
impact on DM by defining a boost factor B for the DM relic density which is the ratio of the
DM abundance taking into account non-instantaneous reheating relative to the abundance
in the instant decay approximation. Reevaluating eqs. (2.23) and (2.25) at the temperature
T = TRH (instead of T = T×), for a given equation of state, and comparing to eq. (2.5)
implies an enhancement of the DM relic density in the non-instantaneous case given by
B '

1
3
(1+n)(2+nc)
nc−n for n < nc ,
(1+n) (2+n)
3 ln
Tmax
TRH
for n = nc ,
1
3
(1+n)(2+nc)
n−nc
[
Tmax
TRH
]n−nc
for n > nc .
(2.26)
Conversely, one can express the boost factor as a condition on ω for a given n as follows
B '

1
3
7−ωc
ωc−ω for ω < ωc ,
8
3
7−ω
(1+ω)2
ln TmaxTRH for ω = ωc ,
1
3
7−ωc
ω−ωc
[
Tmax
TRH
] 8(ω−ωc)
(1+ω)(1+ωc) for ω > ωc ,
(2.27)
where ωc ≡ 6−n2+n denotes the critical value of the equation of state such that for ω > ωc DM
produced by via an operator of mass dimension 5 + n/2 will be parametrically enhanced.
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Figure 4. Taking Tmax/TRH = 100 we show a contour plot of the boost factor B in the ω − n
plane, where n corresponds to the temperature dependence of the cross section 〈σv〉 ∼ Tn/Λ2+n.
Equivalently the exponent value n corresponds to UV freeze-in via an effective operator of mass
dimension 5+n/2. For ease of conversion, the right hand axis gives the corresponding mass dimension
of the portal operator for each value of n. The boost factor B characterizes the enhancement to the
relic density due to reheating effects by normalizing to the expectations from instantaneous reheating
as discussed in Section 2.4. The dashed blue lines correspond to the critical threshold n = nc, beyond
which (for n > nc) the DM relic density due to UV freeze-in via an operator of mass dimension n > nc
is parametrically enhanced. The vertical line indicates ω = 1.
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Figure 5. Contours of the boost factor B in the ω − Tmax/TRH plane, where ω is the equation of
state prior to reheating. We present plots for three different choices of the cross section temperature
dependence 〈σv〉 ∼ Tn/Λ2+n, for n = 4, 6, 8. The dashed vertical line corresponds to ω = 1.
This boost factor is a clean way to characterise the enhancement since many of the other
factors fall out due to the similarities of the underlying particle physics model. In particular,
we highlight that the boost factors only depend on n, ω and the ratio Tmax/TRH, but not
on Λ or m. The case ω = 0 in eq. (2.26) agrees with Garcia-Mambrini-Olive-Peloso [4] up
to a factor of 5/3 which arises due to differing definitions of the exact point of reheating.
We also check that the DM abundance dominantly arises via the lowest dimension freeze-
in operator present, and, as expected from an effective field theory perspective, successive
higher dimension operators give smaller contributions even accounting for the boost factor.
In Figure 4 we show contours for the boost factor B in the ω − n plane, taking a fixed
value for Tmax/TRH = 100 and in Figure 5 we show B contours in the ω− (Tmax/TRH) plane,
for n = 4, 6, 8. Interestingly the boost factors can easily be several orders of magnitude,
however the adjustment to Λ needed to match the DM relic density taking into account the
boost is much smaller (cf. Figure 3) due to the strong dependence N ∝ Λ−(n+2) in eq. (2.20).
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2.5 Loop induced production of dark matter
Thus far we have assumed that direct and loop induced production of DM via decays of φ can
always be neglected, in this subsection we will quantify when this assumption is reasonable,
drawing on the study of [38] for the case of an early matter dominated period. While we
might reasonably suppose that a direct coupling to the inflation φ can be effectively absent
due to very small couplings, or some symmetry or special construction which forbids the
operator, the loop induced contribution involving the Standard Model states is unavoidable.
Thus we should quantify when loop induced DM production due to φ decays is important
and identify in which regions of parameter space such contributions can be safely neglected.
Including the radiative decay of the inflaton to DM particles means that we have to
modify eq. (2.1) to
dn
dt
+ 3H n = −〈σv〉 (n2 − n2eq)+ ρφmφΓφBr, (2.28)
where Br represents the branching ratio of the inflaton to DM particles, and mφ is the mass
of the decaying state φ. We assume here that the φ number density is given by nφ = ρφ/mφ.
To ascertain when the population of DM due to decays is non-negligible relative to that
due to UV freeze-in we calculate the contribution to the yield due to decays YD and compare
it to the UV freeze-in yield of eq. (2.23) which we shall label YFI below. To calculate the
contribution to the yield from loop induced decays we neglect the first term on the RHS of
eq. (2.28) and following an analogous procedure as the one in Section 2.3, we can express the
evolution of the comoving DM number density due to φ decays ND(a) as
dND
da
=
ρφ Γφ a
2
mφH
Br . (2.29)
For ω 6= 1 this admits the following analytical solution
ND(T ) =
2 Br
1− ω
ΓφM
2
PlHin
mφ
a3in
[(
Tmax
T
)4 1−ω
1+ω
[
8
3(1 + ω)
]3 1−ω
5−3ω
− 1
]
. (2.30)
Using eqs. (2.13), (2.15), and (2.22) one can convert ND to the contribution to the yield due
to loop induced decays, and evaluating this at T = TRH we obtain for ω 6= 1 the following4
YD(TRH) = 2
g?
g?s
TRH
mφ
Br
[
1
1− ω −
1
1− ω
(
TRH
Tmax
)4 1−ω
1+ω
[
3(1 + ω)
8
]3 1−ω
5−3ω
]
. (2.31)
For TRH/Tmax < 0.1 the term in the brackets is O(1) for −1 < ω . 0.5 for larger values of ω
this term can grow large. This can be more clearly seen by defining a boost factor BD similar
to previously to compare the contribution to the yield from decays in the non-instantaneous
case, given by eq. (2.31), and the contribution found using the instantaneous approximation.
For sudden decays of φ the energy density of φ at T = TRH is shared between the
Standard Model bath and the DM according to the relative branching fractions. Since we
assume that prior to φ decays the energy density of DM and radiation are negligible it follows
that ρDM(TRH) = ρφ(TRH) Br and ρR(TRH) = ρφ(TRH)(1 − Br) ' ρφ(TRH), since we defined
Br to denote the φ branching ratio to DM and as the decays to DM are loop induced Br 1.
4For the case ω = 1 one finds YD(TRH) = 3
g?
g?s
TRH
mφ
Br ln
[
4
3
(
Tmax
TRH
)4/3]
.
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If we further suppose that each φ decay produces two DM particles then it follows that
nD(TRH) = 2 Br ρφ(TRH)/mφ and the yield is therefore
YD(TRH)
∣∣∣∣
sudden
' 2 ρR(TRH)
mφ s(TRH)
Br =
3
4
g?
g?s
TRH
mφ
Br. (2.32)
Then the boost factor is the ratio of eq. (2.31) and eq. (2.32) given by (for ω 6= 1)
BD =
8
3(1− ω)
(
1−
(
TRH
Tmax
)4 1−ω
1+ω
[
3(1 + ω)
8
]3 1−ω
5−3ω
)
, (2.33)
and we observe that for TRH/Tmax < 0.1 the boost factor is O(1) for −1 < ω . 0.5 but can
be significant for ω > 1 and grows with the ratio of Tmax/TRH.
We now return to the comparison of the freeze-in yield and the contribution from loop
induced decays. In particular, we will highlight that the reheat temperature is tied to the
energy density of the inflaton, which in turn factors into the DM abundance due to decays.
The branching ratio of the inflaton to DM depends on the model, but we can consider a
simple model to obtain an intuition about the characteristic requirements. Let us consider a
toy model in which a state ψ is the proxy for the particles in the Standard Model bath, such
that the inflaton coupling to the bath and UV freeze-in portal involving a fermion DM state
χ can be described by the Lagrangian
L = yψφψ¯ψ + 1
Λ2
(ψ¯ψ)(χ¯χ). (2.34)
This implies a radiative decay of φ to χχ via a ψ loop with a decay width (for mψ < mφ)
Γφ→χ¯χ '
y2ψ
(4pi)3
m5φ
Λ4
. (2.35)
The decay width of the inflaton to ψ pairs is much larger and is approximately the total
decay width of the inflaton Γφ ' y2ψmφ/(8pi) and thus the φ branching ratio to DM is
Br ' m
4
φ
16pi2Λ4
. (2.36)
Moreover, the reheat temperature of the thermal bath is given by TRH ∼
√
ΓφMPl and thus
T 2RH =
3
8
y2ψ
pi2
√
10
g?
MPlmφ. (2.37)
The requirement that loop induced DM production is subdominant to the UV freeze-in
contribution to the DM relic density implies YD  YFI and this places a restriction on the
size of the branching ratio. We compare eqs. (2.23) and (2.31) with n = 2, and using the
above we express the branching ratio restriction in terms of the Lagrangian parameter of
eq. (2.34). For ω 6= 1 this condition can be written as a requirement on the φ mass
mφ  g yψ
g?
MPl ×
{
1 for − 1 < ω < 1,[
3
8(1 + ω)
]3( 1−ω3ω−5) for ω > 1. (2.38)
Therefore, in this simple model, provided yψ ∼ O(1), ω ∼ 1 and mφ < MPl typically the DM
abundance due to the decay of the inflaton can be safely neglected and DM production via
UV freeze-in sets the DM relic density.
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3 Models
In this section we explore various implementation in which the initial equation of state can
be important for UV freeze-in. Specifically, we focus on
§3.1. Gravitino production,
§3.2. Spin 2 portal,
§3.3. Moduli portal dark matter,
§3.4. Higgs portals.
3.1 Gravitino production
In supersymmetric (SUSY) extensions of the Standard Model, the superpartner of the gravi-
ton is the gravitino. Notably, the gravitino is commonly the Lightest Supersymmetric Particle
(LSP) and in R-parity conserving theories it is stable and thus a viable DM candidate. In
local SUSY, the goldstino becomes the longitudinal component of gravitino and for very
light gravitinos (much lighter than goldstino), the coupling to this longitudinal component
dominates, and determines the evolution of gravitino DM in the early universe. In this limit
the production of gravitinos from the thermal bath is through non-renormalizable operators
suppressed by the SUSY breaking F term with 〈σv〉 ∝ T 6/F 4.
Furthermore, in models of High Scale SUSY [39] the superpartners have masses well
above the electroweak scale. The suppression of the gravitino mass m3/2 to the mass scale
m˜ of the other superpartners is a natural consequence of gauge mediated SUSY breaking
[52], but can also occur in certain gravity mediation constructions [53], and other mediation
mechanisms of SUSY breaking. Thus one can readily envisage scenarios in which the gravitino
is the only sparticle lighter than the inflationary reheating scale.
Since the splitting between gravitino and superpartners can be relatively large the hi-
erarchy m3/2  TRH  m˜ is quite conceive and thus gravitinos. This hierarchy implies that
the production of gravitinos from R-parity violating decays of superpartners will be negligi-
ble and the thermal production of gravitino pairs G˜ via freeze-in sets the relic abundance.
Hence, we consider X + Y → G˜ + G˜, where X and Y are states in the thermal bath, with
the production cross section [4]
〈σv〉 ' 100× T
6
M4Plm
4
3/2
, (3.1)
where in the expression of the RHS we have adopted the gravity mediated scenario of [4, 53]
and identified F ∼MPlm3/2
The authors of [4] studied the case of gravitino production in the early universe during
the reheating due to a transition from matter to radiation domination, and highlighted that
in which case the assumption of instantaneous decay of the inflaton breaks down. Building
on the model independent study of Section 2.3 we now look to generalise this to the case
that the equation of states of the early universe is some arbitrary ω.
Similar to the steps to the derivation in Section 2.3 the gravitino comoving number
density N3/2 is found by solving eq. (2.19) to obtain
N3/2(T ) '
8× 102 g2
3pi4 (6− nc)(1 + ω)
T
4 3+ω
1+ω
×
M4Plm
4
3/2Hin
[
a3+ω×
a1+ωin
] 3
2 [
T 6−ncmax − T 6−nc
]
. (3.2)
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The yield in the limit T → T× is
Y3/2(T×) '
45× 102 g2
2pi2g?sM3Plm
4
3/2
√
10
g?

1
ω T
7−ω
1+ω
×
(
T
8ω
1+ω
max − T
8ω
1+ω
×
)
for ω 6= 0,
T 7× ln
(
Tmax
T×
)
for ω = 0.
(3.3)
To compare with the case of instantaneous inflaton decay, we can compute the boost factors:
B =

7
3|ω| for ω < 0,
56
3 ln
(
Tmax
TRH
)
for ω = 0,
7
3ω
[
Tmax
TRH
] 8ω
1+ω
for ω > 0.
(3.4)
Moreover, it follows that the expected gravitino relic abundance for ω 6= 0 is given by
Ω3/2 ' 0.2×
(
30 GeV
m3/2
)3( T×
107 GeV
)7 1
ω
[(
Tmax
T×
) 8ω
1+ω
− 1
]
. (3.5)
While for low scale SUSY gravitinos are typically produced in association with another
superpartner, in an MPl-suppressed process, this is not possible if the gravitino is the sole
SUSY state below the reheating scale. If the other superpartners are too heavy to be produced
then gravitinos must be paired produced which is a doubly suppressed process and as a
result in this scenario gravitino DM is generically underproduced. However, as highlighted
in [4], in the case that the inflaton decays and subsequent evolution is not well approximated
as an instantaneous decay, then the DM relic abundance can be parametrically enhanced,
potentially adjusting the gravitino relic density to match the observed value.
Observe from eq. (3.4) that enhancements of the gravitino DM abundance arise even for
a non-instantaneous transition from matter (ω = 0) to radiation domination in which case the
abundance is logarithmically enhanced, and for non-standard cosmologies with ω > 0, then
its relic abundance can be greatly enhanced. For example, for an early period of kination
domination (with ω = 1) and assuming a ratio Tmax/TRH = 100, then the relic abundance is
enhanced by a factor of B ∼ 108. Indeed, for a concrete model Tmax/TRH may be bounded
by the requirement that one does not overproduce gravitinos.
3.2 The spin-2 portal
Freeze-in via a massless graviton was studied in [54] and the scenario was subsequently
extended in [6] to the case of DM freeze-in via a massive spin-2 field. The typical way to
couple a spin-2 field h˜ to matter is similar to the graviton, involving the energy momentum
tensor Tµν for the Standard Model and DM, via Lagrangian terms of the form [6, 55, 56]
L ⊃ 1
Λ
h˜µν(λSMT
µν
SM + λDMT
µν
DM) . (3.6)
For a graviton λSM = λDM = 1, with Λ = MPl for a standard massless graviton, but where
the scale Λ can vary for a massive graviton. For a spin-2 field not related to gravity the
couplings can in principle differ from unity, but here we restrict our considerations to the
case λSM = λDM = 1.
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Such a heavy massive spin-2 mediator can potentially be identified with a massive gravi-
ton. While consistent theories of massive gravity can be constructed [57–59], observations
constrain the graviton mass to be extremely small m2 . 10−30 eV [60] which is not suit-
able for our considerations. Alternatively, there are classes of consistent bimetric gravity
models [61] with one massless graviton and one massive graviton. For the (lesser studied)
scenario that m2 is much greater than Hubble constant today (m2  H0) the mass is largely
unconstrained [62, 63]. Thus such bimetric gravity models provide a motivation for heavy
spin-2 mediators with a large range of masses, such as the GUT scale or Planck scale.
We will consider two distinct cases depending on whether the mass m2 of the spin-2 state
h˜ is below or above the maximum bath temperature. Both cases lead to non-renormalisable
operators if h˜ couples involving the energy momentum tensor, however the dimensionality of
the operators differs as we highlight below. In the case where the spin-2 mediator is lighter
than the reheating temperature and can be produced on shell then the cross section for DM
production due to bath interactions mediated by h˜ is parametrically [6]
〈σv〉 = αT
2
Λ4
, (3.7)
where α is a numerical prefactor dependent on the spin of the DM, with values α ∼ 0.19
(spin 0), 2.04 (spin 1/2) or 2.49 (spin 1).5 While one could absorb the numerical prefactor
into Λ, these values are normalised such that α is correct for Λ = MPl. Carrying through
similar calculations as above, for the case m2  Tmax the DM yield, which we denote Ylight,
is found to be given by (for ω 6= 1)
Ylight(T×) ' 45 g
2α
pi7 g?s
√
10
g?
1
ω − 1
MPl T
7−ω
1+ω
×
Λ4
[
T
4(ω−1)
ω+1
max − T
4(ω−1)
ω+1
×
]
. (3.8)
Thus the yield is parametrically enhanced for ω > 1 and the boost factor is of the form
Blight
∣∣
ω>1
' 2
ω − 1
[
Tmax
TRH
] 4(ω−1)
ω+1
. (3.9)
Conversely, in the case where the spin-2 mediator is heavier than the reheating temper-
ature, but still constitutes the dominant production channel
〈σv〉 = β T
6
Λ4m42
(3.10)
with the prefactor β taking the values β ∼ 735 (spin 0), 7814 (spin 1/2) or 9505 (spin 1).
Observe that for m2 > Tmax the thermally averaged production cross section is similar in
form to that of the gravitino (cf. eq (3.1)). It follows that the DM yield for ω 6= 0 in this
case is
Yheavy(T×) ' 45β g
2
2pi7 g?s
√
10
g?
1
ω
MPl T
7−ω
1+ω
×
Λ4m42
[
T
8ω
1+ω
max − T
8ω
1+ω
×
]
. (3.11)
5Note that for a massless graviton the cross section is given by eq. (3.7) with α ∼ 1.28 × 10−2 (spin 0),
1.32 × 10−1 (spin 1/2) or 1.55 × 10−1 (spin 1), together with Λ = MPl [6]. Note that despite the massive
mediator, the production rate are enhanced over massless gravitons exchange by the fact that Λ < MPl.
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Moreover, since this operator is the same dimensionality of the gravitino DM case, the
boost factor corresponding to eq. (3.11) is identical to that given in eq. (3.4), i.e. for ω > 0
Bheavy
∣∣
ω>0
' 7
3ω
[
Tmax
TRH
] 8ω
1+ω
. (3.12)
Since the dimension of the freeze-in operator changes depending on whether the spin-2 state
is accessible or integrated out, the critical ω above which the abundance is parametrically
enhanced changes. In particular, observe that the boost has a strong Tmax dependence for
ω > 0 with m2  Tmax, but requires ω > 1 in the case that m2  Tmax.
3.3 The moduli portal
In models with extra dimensions, such as supergravity or string theory, light scalar fields
known as moduli are associated with the compact dimensions. In principle such moduli
could provide a portal between the Standard Model and DM [7]. These moduli can be
written as T ≡ ϕ + i a in terms of two real scalars ϕ and a, and the wave function Zk,
where k is a Standard Model field that couples to this moduli field, can be expanded as Zk ≡
1+ αkΛ ϕ+i
βk
Λ a, where αk and βk are real constants and Λ corresponds to the compactification
scale. At leading order in Λ−1 the moduli field couples to the Standard Model fermions f
and gauge fields G via Lagrangian terms of the form [7]
L ⊃αH
Λ
ϕ |DµH|2 − αH
Λ
µ20ϕ|H|2 +
[
1
2Λ
ϕfiγµ(αfV − αfAγ5)Dµf + H.c.
]
+
1
2Λ
∂µafγ
µ(βfV − βfAγ5)f −
1
4
αG
Λ
ϕGµνG
µν +
2βG
Λ
∂µa
µνρσGν∂ρG
σ ,
(3.13)
where µ0 is the Standard Model Higgs parameter. The coupling of the moduli to the DM
depends on the spin of the DM. Considering first the case of a scalar DM state S implies the
following Lagrangian term
LS = αS
Λ
ϕ |∂µS|2 , (3.14)
where αS is the coupling constant of the real part of the moduli field to the scalar DM.
Similar to the spin-2 portal scenario explored above, there are two distinct cases depending
on whether the mass of the modulus component mϕ exceeds the maximum temperature of
the thermal bath or not, and in each case the production cross section is parametrically
〈σv〉 = pi
4
g2Λ4
×
δT
2 mϕ  Tmax ,
δ T
6
m4ϕ
mϕ  Tmax ,
(3.15)
where δ ∝ α2S α2SM in terms of α2SM ≡ 2α2H + 3α2G. The constant of proportionality for δ
differs for mϕ  Tmax and mϕ  Tmax, however the precise value will be unimportant for
our purposes, and for further details see [7].
In the limit mϕ  T the yield, which we denote Ylight, at T = T× is given by (for ω 6= 1)
Ylight(T×) ' 45
g?spi
√
10
g?
δMPl
Λ4 (ω − 1) T
7−ω
1+ω
×
[
T
4(ω−1)
1+ω
max − T
4(ω−1)
1+ω
×
]
. (3.16)
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Thus in the case of scalar DM with mϕ  Tmax the abundance receives a Tmax dependent
boost relative to the instant reheating approximation for ω > 1 given by
Blight ' 2
ω − 1
[
Tmax
TRH
] 4(ω−1)
ω+1
. (3.17)
Similarly, for the limit mϕ  T , in this case we have for the yield (for ω 6= 0)
Yheavy(T×) ' 45
2pi3g?s
√
10
g?
δMPl
Λ4m4ϕω
T
7−ω
1+ω
×
[
T
8ω
1+ω
max − T
8ω
1+ω
×
]
. (3.18)
The corresponding boost factor for ω > 0 is given by
Bheavy ' 7
3ω
[
Tmax
TRH
] 8ω
ω+1
. (3.19)
Similar expressions are found for the case of vector boson DM with the difference that these
can also receive a contribution mediated by a.
The case of freeze-in of fermion DM χ mediation via a moduli field provides a more
interesting second example, the relevant Lagrangian contribution for which is given by [7]
Lχ =
(
1
2Λ
ϕχ¯iγµ (αV − αAγ5) ∂µχ+ h.c.
)
+
1
2Λ
∂µaχ¯γ
µ (βV − βAγ5)χ. (3.20)
There are again two distinct cases depending on whether the mediators (now both a and ϕ
states can mediate interactions) can be produced by interactions in the thermal bath and
the production cross section for the case of fermion DM with mass m is parametrically
〈σv〉j = pi
4m2
g2Λ4
×
{
δj mj  Tmax ,
δj
T 4
m4j
mj  Tmax , (3.21)
with the effective couplings δj (for j = ϕ, a) given by δϕ ∝ α2V α2SM and δa ∝ β2A β2G. As with
the scalar DM case the constant of proportionality differs between the light and heavy cases.
We first compute the yield at T× in the case that mj  Tmax obtaining for ω 6= 3
Ylight(T×) ' 90
pi3g?s
√
10
g?
δjm
2MPl
Λ4
1
ω − 3T
7−ω
1+ω
×
[
T
2ω−3
1+ω
max − T 2
ω−3
1+ω
×
]
. (3.22)
The corresponding boost factor for the fermion DM with ω > 3 is given by
Blight ' 4
3(ω − 3)
[
Tmax
TRH
]2ω−3
ω+1
. (3.23)
For fermion DM with mj  T the yield is given by (for ω 6= 1/3)
Yheavy(T×) ' 90
pi3g?s
√
10
g?
δjm
2MPl
Λ4m4j
1
3ω − 1T
7−ω
1+ω
×
[
T
2 3ω−1
1+ω
max − T 2
3ω−1
1+ω
×
]
, (3.24)
with and the boost factor for ω > 1/3 is
Bheavy ' 20
3(3ω − 1)
[
Tmax
TRH
]2 3ω−1
ω+1
. (3.25)
Observe, in particular, that the critical values for ω above which the boost factor can be
significant is quite different in the fermion DM case to previous scenarios studied here.
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3.4 Higgs portals
We highlight one last case, which is arguably the most natural way of coupling DM to the
Standard Model, namely via the Higgs quadratic |H|2. This operator is the lowest order
gauge and Lorentz invariant operator in the Standard Model and thus may be the most
relevant when contracted with some operator ODM involving DM or hidden sector fields.
The prospect of freeze-in via Higgs portals was recently studied in e.g. [64, 65]. We are
primarily interested in scenarios that provide modest (and unexpected) boosts to the relic
density due to the cosmological evolution and, as can been seen in Figures 4 and 5, typically
to arrive at a modest boost factor one requires the connector operator to be of at least mass
dimension six. One simple example which presents itself is the case of vector DM Vµ which
couples to the Higgs via the Lagrangian term |H|2VµνV µν where Vµν = VµVν −VνVµ denotes
the corresponding field strength [66], this operator is mass dimension 6 thus corresponding
to n = 2 and with a boost factor which is parametrically
B '

2
1−ω for ω < 1 ,
8
3
7−ω
(1+ω)2
ln TmaxTRH for ω = 1 ,
2
ω−1
[
Tmax
TRH
]4ω−1
1+ω
for ω > 1 .
(3.26)
In particular, we observe that in the case of ω = 1, which is the independently motivated
scenario of kination domination, that the UV freeze-in abundance is logarithmically enhanced
and that large boosts can occur in more non-standard scenarios with ω > 1.
4 Concluding remarks
In the simple picture of DM the relic density is established during an era of radiation domina-
tion in which the evolution of the DM abundance is simple to track and is largely determined
by the particle physics model, in particular the mass and couplings of the DM. However,
if the DM abundance is generated via UV freeze-in then it invariably occurs at the high-
est temperatures during the transition to radiation domination, and as such cosmology can
potentially impact relic density calculations. In this work we have highlighted that the abun-
dance produced via UV freeze-in can be sensitive to the equation of state of the universe ω
prior to the transition to radiation domination.
Specifically, we have demonstrated that for an initial equation of state ω, UV freeze-in
via an operator of mass dimension 5+n/2 receives a parametric enhancement of (Tmax/TRH)
n−nc
for n > nc where the critical threshold is nc = 2 × (3 − ω)/(1 + ω). For matter dominated
initial state then nc = 6 and the details of the process of reheating are only important for
operators with mass dimension 8 and higher, as such much of the existing literature on UV
freeze-in will remain consistent with the implicit assumption that initially ω = 0. However,
the critical threshold above which the DM abundance is enhanced nc depends on ω and thus
for non standard cosmologies the DM abundance can receive a significant boost even for
portal operators with relatively low mass dimension. This is important for potential DM
candidates that are typically under produced for instance gravitino in High Scale SUSY (as
discussed) or the bino LSP in low scale SUSY.
Finally, we highlight that direct searches for DM produced via UV freeze-in (with or
without a boost factor) is likely challenging outside of special constructions or benign corners
of parameter space, however primordial gravitational wave production from the era prior to
radiation domination could provide a potential probe in the future [67–71].
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